[1] We analyzed the pattern of large forest disturbances or blow-downs apparently caused by severe storms in a mostly unmanaged portion of the Brazilian Amazon using 27 Landsat images and daily precipitation estimates from NOAA satellite data. For each Landsat a spectral mixture analysis (SMA) was applied. Based on SMA, we detected and mapped 279 patches (from 5 ha to 2,223 ha) characteristic of blow-downs. A total of 21,931 ha of forest were disturbed. We found a strong correlation between occurrence of blow-downs and frequency of heavy rainfall (Spearman's rank, r 2 = 0.84, p < 0.0003). The recurrence intervals of large disturbances were estimated to be 90,000 yr for the eastern Amazon and 27,000 yr for the western Amazon. This suggests that weather patterns affect the frequency of large forest disturbances that may produce different rates of forest turnover in the eastern and western Amazon basin.
Introduction
[2] Are old-growth tropical forests in steady-state? Recent studies of permanent tree plots suggest that tropical forests are changing rapidly. Increases in the rate of turnover of trees and increasing carbon uptake (between 0.1 and 0.5 Mg C ha −1 y −1
) have been observed in permanent plots of neotropical and paleotropical forests [Phillips and Gentry, 1994] . There is accumulating evidence that old-growth tropical forests may be growing faster, experiencing changing patterns of recruitment and mortality [Phillips and Gentry, 1994] , and increasing their stock of above-ground biomass [Malhi et al., 2006] .
[3] Local openings in the forest canopy (±100 m 2 ) are widely recognized as an important factor affecting the dynamics of tropical forests [Hubbell et al., 1999] . Larger disturbances (≥1 ha) caused by cyclonic storms (hurricanes) also change the structure of tropical forests damaging hundreds of square kilometers [Lugo et al., 1983] . In continental equatorial regions of the Amazon, hurricane damage does not occur. However, Nelson et al. [1994] used Landsat images of the Brazilian Amazon to detect large natural gaps (>30 ha) with fan-shape forms (blow-downs), probably caused by high-velocity wet downburst winds [Garstang et al., 1998 ]. Nelson et al. [1994] identified 330 blow-downs in 137 Landsat TM between 1987 and 1989 of the Amazon, with a total disturbed area of 90,000 ha. The TM scene with the greatest total disturbance affected area had 16 blowdowns totaling 8,600 ha or 0.31% of the scenes. The largest single blow-down covered 3,370 ha, with the most frequent size classes falling between 30 and 100 ha. Most of these large blow-down areas (≥30 ha) occurred in the west-central basin of the Amazon, where annual precipitation is high.
[4] Forest damage by storms is most often associated with the intensity of wind gusts [Lugo et al., 1983] . In the Amazon region wind gusts greater than 10 m s −1 accompanied by rainfall have been recorded [Garstang et al., 1998 ]. Heavy rainfall caused by convective storms ought to correlate with strong winds and microbursts [Fujita, 1985] . In this study, we examine a regional mosaic of Landsat images and estimates of daily precipitation retrieved from satellite images to determine if there is a coherent spatial relation between heavy precipitation and large disturbances in old-growth forest in the Amazon. Earlier work [Nelson et al., 1994; Chambers et al., 2009 ] strongly suggests that severe convective storm activity associated with heavy rains causes intense winds that in turn lead to forest disturbance through blow-downs. We hypothesize that the weather patterns that cause blow-downs in the Amazon lead to different rates of forest turnover in the eastern and western Amazon basin.
Methods

Data and Study Area
[5] To evaluate the relation between severe storms and large disturbances in the Amazon, two regional data sets were integrated: (1) a multitemporal data set of Real-Time Rainfall (RTR) of the north continental area of South America, and (2) a mosaic of ETM+ Landsat images covering the precipitation gradient east to west across the Amazon basin from the east (2°13′S and 51°51′W) to west (6°29′S and 66°49′W).
Severe Storms in the Amazon Region
[6] The frequency of severe storms was determined by the integration of the RTR daily images produced by geosynchronous NOAA (National Oceanic and Atmospheric Administration) satellites [Vicente et al., 1998 ]. RTR esti-mates are produced at 4 km spatial resolution using 10.7 mm band data from NOAA 8 satellites with adjustment for cloud top temperature gradients and moisture regimes using fields of precipitable water and relative humidity generated by the National Centers for Environmental Prediction ETA Model [Vicente et al., 1998 ]. RTR daily images were obtained from 01 February to 31 December 1999. No data were obtained during January 1999 because of operational problems. We defined heavy rainfall as days with precipitation ≥20 mm d −1 .
Digital Classification of the Blow-Downs
[7] We have classified large disturbances as blow-downs based on spectral characteristics and spatial patterns identified previously [Nelson et al., 1994; Chambers et al., 2009] (see auxiliary material).
1 The number and area of large blow-downs in the Amazon were quantified using digital classification of 27 Landsat ETM+ images from 1999 to 2001 with low cloud cover (≤20%) and spatial resolution of ∼28.5 m. All images were orthorectified with a spatial accuracy of ∼15 m [Tucker, 2004] . A relative atmospheric correction was applied to the Landsat images using Markham and Barker's [1987] algorithm.
[8] We applied a spectral mixture analysis (SMA) [Shimabukuro and Smith, 1991] in all six original ETM+ spectral bands to produce fraction images base on three endmembers: green vegetation (GV), nonphotosynthetic vegetation (NPV) and shade (SD). Spectrally pure end-members were determined using the pure pixel index (PPI) [Boardman et al., 1995] .
[9] A semi-automated classification was applied to identify and to classify all blow-down events on the Landsat images. A pixel by pixel classification was developed using six bands (the GV, NPV and SD, plus the original bands 3, 4 and 5). The pixel groups were labeled using an unsupervised classification of Euclidean distance [Schowengerdt, 1997] .
[10] We identified blow-downs when a cluster of more than 55 labeled pixels was observed in old growth forest with no sign of anthropogenic activity in the region. Clusters were generally fan-shaped [Nelson et al., 1994] . Areas of anthropogenic disturbances (agriculture, pastures, secondary forests, roads and cities) or naturally exposed soils (patches of savanna shrubs and trees, savanna herbs, open vegetation on white sand and dry river borders) were excluded from our analysis (see auxiliary material). The blow-downs were also classified into two age classes (old > 2 y and new < 2 y) according to the relative proportions of GV and NPV (see auxiliary material for more details).
Spatial Point Patterns of Blow-Downs
[11] Were large disturbances clustered spatially? To observe if the blow-downs exhibited any systematic spatial pattern distribution, a spatial point analysis (SPA) was carried out [Ripley, 1981] . A SPA consists of a set of points (s 1 , s 2 , etc.) in a defined study region (R) divided into subregions (A ⊆ R). Y(A) is the number of events that occurred in sub-region A. In a spatial context, the number of points can be estimated by use of their expected value E (Y(A)), and covariance COV (Y(A i ), Y(A j )), given that Y is the event number in areas A i and A j . The intensity of an event l(s) is the frequency of points of a specific location s, where ds is the area of this region. The intensity of events or in our case, blow-downs, can be represented as:
Because SPA only requires the spatial location of each event, we calculated the centroid of each classified blowdown. Next, we used a Gaussian smoothing algorithm named kernel with a tested bandwidth of 50 km to produce the spatial clusters of blow-downs and a probability density function k [Ripley, 1981] to examine the spatial dependence of these events (see auxiliary materials).
Recurrence Intervals of Blow-Downs
[12] We used the following assumptions to calculate the recurrence intervals of the large disturbances detected in the Amazon: (i) only new blow-downs up to 2 years old were used to calculate the recurrence time, considering that probability of detection decreases with age of the regrowth in older patches; and (ii) disturbances occurred at a constant rate during the two years of detection. The recurrence interval (T) was calculated as: where A forest is the total area of forest and D AR is the disturbance rate. D AR is estimated from the total area of new blow-downs (A blow-down ) during the time interval Y (maximum interval of detection equal to 2 years). Thus, the recurrence interval can be rewritten as:
3. Results
Size Class Distribution and Unmixing Spectral Properties of Blow-Downs
[13] In 27 Landsat images, we mapped 279 patches as large disturbances that we refer to as blow-downs accounting for a total of 21,931 ha. Of that area, 17,822 ha (189 patches) were old blow-downs (>2 years old), and 4,109 ha (90 patches) were recent blow-downs. The largest blow-down covered 2,223 contiguous hectares. The smallest blow-down observed was 5 ha based on the minimum threshold of blow-down detection of ∼55 pixels. Blowdowns smaller than 50 ha were most frequent (Figure 1a ).
Blow-downs greater than 101 ha, although rare, accounted for 61.6% of total blow-down disturbance area of this region (Figure 1b) .
[14] Based on the unmixing spectral proprieties of each Landsat image (Figure 2a ) new blow-downs (Figures 2b and  2c ) had on average 28% of NPV (±10.20% sd), 54% of GV (±9.53% sd) and 17% of SD (±6.20% sd) (Figure 2f ). Old blow-downs (Figures 2d and 2e) had 1% of NPV (±1.34% sd), 94% of GV (±5.46% sd) and 5% of SD (±4.75% sd) (Figure 2f ).
East-West Distribution of Disturbances and Severe Storms
[15] The occurrence of blow-downs (≥5 ha) over the Amazon region investigated is not uniform. Most occurred between 58°00′W and 66°49′W (Figure 3a) . Several clusters of blow-downs were detected in the western Amazon (Figure 3b ). Blow-downs were infrequent in the eastern basin (51°51′W to 58°00′W). The greatest area disturbed by blow-downs occurred between the longitudes 62°and 63.99°, where ∼5,000 ha of old growth forest were disturbed by 40 large blow-downs (Figure 3c ). Old and new blowdowns had similar spatial distributions (Figures 3a and 3b) . Assumes a constant disturbance rate and detectability of 2 years T = forest area ÷ (new blow-down area ÷ detectability interval). See section 2.5. d Eastern domain: 51°51′22″W to 57°25′18″W; Western domain: 57°25′18″W to 66°49′04″W.
[16] We provide a quantitative linkage between blowdown occurrence and the frequency of heavy daily rainfall in the Amazon region associated with severe convective activity [Garstang et al., 1998 ]. Blow-down occurrence frequency and the associated disturbance area were greater where severe storms occurred more frequently (Figures 4a  and 4b) . The relation between rainfall (Figure 4c ) and frequency of blow-downs (Figure 4d ), although nonlinear, (see auxiliary material) has a strong and significant correlation (Spearman's rank, r 2 = 0.84, p < 0.0003).
[17] A comparison of the eastern and western portions of our study region (Figure 3) shows a strong contrast in the blow-down recurrence intervals. Based on the occurrence of new blow-downs and the assumption of a constant disturbance rate (section 2.5), we estimated the recurrence interval for blow-downs in the eastern region is 90,000 yr while it is only 27,000 yr for the western region (Table 1) .
Discussion
[18] We confirm the conclusions of the earlier study by Nelson et al. [1994] and expand on their work by using semi-automatic digital classification for detection and mapping of blow-downs in the Amazon and a satellite proxy measurement for convective storm events. In the study by Nelson et al. [1994] , the threshold minimum area of disturbance was 30 ha. By using spectral unmixing and pixel by pixel classification of Landsat images we reduced the threshold of detection for blow-downs to about 5 ha (∼55 pixels). Both studies found that new plus old blowdown disturbances represented a small fraction of the entire studied area of undisturbed forests (∼0.02%). Through digital processing, we were able to not only improve the spatial resolution but also improve the temporal resolution with important implications that we discuss below.
[19] The frequency distribution of storms and frequency of blow-downs suggest a nonlinear relationship, which is not entirely surprising, considering that cloud-top temperature is only a proxy of storm severity, and considering the spatial and temporal mismatches between recorded blowdowns and the RTR data set. The RTR rainfall data set used provides increased spatial resolution (4 km) and higher frequency compared to earlier climatologies to isolate the importance of severe storm events. Closer linkage of blowdown events to storm conditions will require high-frequency observations of rainfall (now available) and high-frequency ground-based records of disturbance over wide areas (currently unavailable).
[20] Although the disturbance rates are certainly higher in western Amazon, the estimate of recurrence interval for blow-downs remains highly uncertain. Estimating a millennial-scale recurrence interval from two years of observations (the period of detection), depends on the assumption that disturbance rates during those two years are representative of this disturbance process over millennia. Nonetheless, the east-west asymmetry in the frequency distribution of blow-downs is consistent with the geographic distribution of disturbance-adapted tree genera [ter Steege et al., 2006] , suggesting that, over the long-term, disturbance events are less frequent in eastern compared to western Amazon. However, long-term changes of climate [Mayle and Power, 2008] and patterns of soil fertility [Malhi et al., 2006] and geology [Rossetti et al., 2005] would be much more important environmental factors affecting the distribution of plant species and plant functional types.
[21] Assuming that the blow-down damages all the trees and considering the average range of biomass for the Amazon is between 150 and 350 Mg ha −1 [Houghton et al., 2000] , we estimate that carbon emission caused by blowdown mortality (area of blow-downs × range of mean biomass) would contribute at most only 0.3 to 2 Tg C y −1 for the 27 Landsat images analyzed, although, it will be compensated by the regrowth of secondary forests. Given that net deforestation releases between 200 and 300 Tg C y −1 [Houghton et al., 2000] in the Amazon, blow-down disturbance events do not make an important direct contribution to carbon dioxide emissions or even for the overall forest succession process in the tropics. While the contemporary effect of large blow-downs is small with regard to carbon and nutrient cycling, our study raises the question of the possible importance of convective storm activity as a control over the rate of forest disturbance in general across the Amazon. If convective activity is also responsible for smaller scale disturbances also, this process may help explain some of the asymmetry in tree mortality and turnover rates found for the Eastern and Western areas of the Amazon forest [Phillips and Gentry, 1994] .
